As the most voluminous organ of the body that is exposed to the outer environment, the skin suffers from both intrinsic and extrinsic aging factors. Skin aging is characterized by features such as wrinkling, loss of elasticity, laxity, and rough-textured appearance. This aging process is accompanied with phenotypic changes in cutaneous cells as well as structural and functional changes in extracellular matrix components such as collagens and elastin. In this review, we summarize these changes in skin aging, research advances of the molecular mechanisms leading to these changes, and the treatment strategies aimed at preventing or reversing skin aging.
Introduction
Skin is the barrier that segregates the body from the outer environment. Besides protecting the body from water loss and microorganism infection, it has an important cosmetic role. Young and beautiful appearance may have a positive influence on people's social behavior and reproductive status 1 . However, aging of organs begins from the time when one is born, and there is no exception for the skin. As the most voluminous organ of the body, the skin shows obvious and visible sign of aging when one becomes older. Therefore, for many people, especially females, a considerable amount of daily expense is occupied by cosmetics and pharmaceuticals attempting to prevent or reverse skin aging 2 . This vast cosmetic need continually promotes research on skin aging and its treatment.
Cutaneous aging is induced by both intrinsic and extrinsic factors. Intrinsic aging is an inevitable physiological process that results in thin, dry skin, fine wrinkles, and gradual dermal atrophy, while extrinsic aging is engendered by external environment factors such as air pollution, smoking, poor nutrition, and sun exposure, resulting in coarse wrinkles, loss of elasticity, laxity, and roughtextured appearance 3, 4 . Notably, long-term exposure to solar ultraviolet (UV) radiation is the primary factor of extrinsic skin aging and is referred to as photoaging 4 . In this review, we will summarize the changes during skin aging, research advances of the molecular mechanisms leading to these changes, and treatment strategies.
Changes in Skin Aging
Exposed directly to the air, skin is not only subject to intrinsic aging but also superimposed by extrinsic aging. These aging processes are accompanied by phenotypic changes in cutaneous cells as well as structural and functional changes in extracellular matrix components such as collagens, elastin, and proteoglycans that are required to provide tensile strength, elasticity, and hydration to the skin, respectively 4 .
Changes in Intrinsic Aging
Intrinsic skin aging is a process of chronologically physiological change. Aging of photoprotected areas for example, the inner side of the upper arm, is mainly due to intrinsic genetic or metabolic factors, whereas exposed skin areas are additionally influenced by extrinsic factors, especially solar UV radiation 5 . For the intrinsically aged skin, the most remarkable histological changes occur within the basal cell layer. Research finds that as a person ages, proliferation of cells in the basal layer reduces. The epidermis then becomes thinner, and the contact surface area between dermis and epidermis decreases, resulting in a smaller exchange surface for nutrition supply to the epidermis and further weakened ability of basal cell proliferation 6, 7 . This process of decreased proliferative ability of cells including keratinocytes, fibroblasts, and melanocytes is called cellular senescence. In skin samples from human donors of different ages, there was an age-dependent increase in the expression of senescence marker b-galactosidase in dermal fibroblasts and epidermal keratinocytes, indicating that aged skin contains more senescent cells 8 . In addition, the dermis of photoprotected aged skin shows not only fewer mast cells and fibroblasts than photoprotected young skin but also rarefied collagen fibers and elastic fibers 9 . It is reported that the production of type I procollagen in intrinsically aged human skin is reduced likely because of downregulation of the TGF-b/Smad signaling and its downstream connective tissue growth factor, which is regarded as a regulator of collagen expression 10 . Moreover, evidence supports that in intrinsically aged skin, not only fibrous extracellular matrix components including elastin, fibrillin, and collagens but also oligosaccharide are degenerated, which in turn influences the ability of skin to retain bound water 11 .
Changes in Extrinsic Aging
As early as 1969, it was proposed that besides intrinsic factors, sun exposure also leads to skin aging 12 . Exposure to UV radiation is the primary factor of extrinsic skin aging; it accounts for about 80% of facial aging 13 . In contrast to the thinner epidermis in intrinsically aged skin, UV-radiated epidermis thickens 14 . As the outermost layer of the epidermis, stratum corneum is mostly affected and thickens because of failure of degradation of corneocyte desmosomes. The expression of differentiation marker involucrin in stratum corneum is increased, which is in accord with the fact that the differentiation process of epidermal keratinocytes is impaired by UV irradiation. In basal cells, the expression of cell-surface protein b1-integrin, which interacts with extracellular matrix proteins and is regarded as one of the epidermal stem cell markers, is greatly reduced, indicating that proliferation in the aged basal keratinocytes is also impaired 15, 16 . The expression of type VII collagen in keratinocytes decreased in UV-radiated skin areas. Type VII collagen is the anchoring fibrils at the dermal-epidermal junction. The decrease in its production contributes to wrinkles due to the weakened connection between dermis and epidermis 17 . Studies have found that collagen type I diminishes in photoaged skin 18, 19 due to increased collagen degradation 20 . Various matrix metalloproteinases (MMPs), serine proteases, and other proteases participate in this degradation activity 16, 21, 22 . For photoaged skin, a striking characteristic is the accumulation of abnormal elastic tissue deep in the dermis 23 , a pathologic phenotype named solar elastosis. UV-irradiation elevates the expression of elastin by 4-fold, then elastolysis occurs, characterized by elastic fiber cleavage by proteases mentioned above, resulting in severe deposition of truncated elastic fibers 4, 24 . MMP-2, MMP-3, MMP-7, MMP-9, MMP-12, neutrophil serine proteases cathepsin G, and human leukocyte elastase are known to decompose elastin. Recent research has found that photoaging makes the N-terminal and central parts of the tropoelastin molecules more susceptible to enzymatic cleavage and, hence, accelerates the age-related degradation of elastin 4 . Also, the function of the microvasculature declines with aging. This is caused by endothelial dysfunction including reduced angiogenic capacity, aberrant expression of adhesion molecules, and impaired vasodilatory function 25 .
Molecular Mechanisms in Skin Aging
Different models are proposed to explain the molecular basis for skin aging, including the theory of cellular senescence, decrease in cellular DNA repair capacity and loss of telomeres, point mutations of extranuclear mitochondrial DNA, oxidative stress, increased frequency of chromosomal abnormalities, single-gene mutations, reduced sugar, chronic inflammation, and so on 11 . Some scientists proposed that most of the effects are caused by extrinsic factors, and only 3% of aging factors have intrinsic background 26 . Here we highlight mainly important models and advances in molecular mechanism research on skin aging.
Oxidative Stress
It is regarded that reactive oxygen species (ROS) play a critical role in dermal extracellular matrix alterations of both intrinsic aging and photoaging. ROS can be produced from different sources including the mitochondrial electron transport chain, peroxisomal and endoplasmic reticulum (ER) localized proteins, the Fenton reaction, and such enzymes as cyclooxygenases, lipoxygenases, xanthine oxidases, and nicotinamideadenine dinucleotide phosphate (NADPH) oxidases 27 . Under common conditions without ligands, the activity of receptor tyrosine kinases (RTKs) on the cell surface is inhibited by receptor protein tyrosine phosphatases (RPTPs), which dephosphorylate RTKs (Fig. 1A) . However, under UV radiation, cellular chromophores absorb the energy and get excitated, producing oxidation products and ROS. ROS inhibit the activity of RPTPs by binding to cysteine in the catalytic sites of RPTPs 28 , elevating the level of phosphorylated RTKs and triggering downstream signaling pathways including the activation of mitogen-activated protein kinase (MAPK) and subsequent nuclear factor-kB (NF-kB) and transcription factor activator protein-1 (AP-1). Activated NF-kB and AP-1 repress collagen production and increase MMP gene transcription, resulting in the decrease of collagen content in photoaged skin 29 ( Fig. 1B ). It's worth noting that NF-kB was recently found to be activated by mammalian target of rapamycin complexes 2/Akt/IkB kinase a (mTORC2/Akt/IKKa) pathway in both intrinsic aging and photoaging 30 . Surprisingly, other studies found that although significantly higher mitochondrial superoxide levels and oxidative damage exist in nuo-6 and isp-1 mutants of Caenorhabditis elegans 31, 32 Mclk1þ/À mice 33 , or long-lived naked mole rats 34, 35 than in control ones, these individuals display an increased life span and reduced signs of aging that, at least in C. elegans, could be suppressed by the antioxidant treatment 31 . These findings are not consistent with the oxidative stress theory of aging, and researchers suggest that other mechanisms are needed to explain these phenomena 34 .
DNA Damage
Persistently exposing skin to UV radiation increases DNA damage and mutations and leads to premature aging or carcinogenesis 36 . When DNA absorbs photons from UV-B, structural rearrangement of nucleotides occurs, resulting in defects of DNA strands 37 . DNA damage can be repaired in lesser species through removing the lesion by photolyase enzyme, but higher mammalian and human cells don't have this enzyme. It's accomplished by the nucleotide excision repair pathway 38 . Once proteins in this pathway suffer from deficiency, DNA damage and premature skin aging will occur 39 . Many studies provide consistent evidence that use of sunscreen prevents DNA damage in vivo and protects the skin from squamous cell carcinoma and melanoma 40 , which further proves another aspect of the destructive effect of UV radiation on the DNA strand. Detailed description on the mechanism of DNA damage has already been reviewed 38, 41 .
Telomere Shortening
Telomeres are repetitive nucleotide sequences that cap and save the ends of chromosomes from degradation and abnormal recombination. They become shorter with each cell division and ultimately result in cellular senescence and limited numbers of cell division 38 . Telomerase is an enzyme that adds telomere repetitions to the end to prevent telomeres from getting shorter. Telomerase-deficient mice exhibited accelerated telomere shortening, resulting in defective tissue regeneration. Moreover, proliferation capacity of epidermal stem cells with short telomeres was suppressed, whereas telomerase reintroduction in mice with critically short telomeres is sufficient to correct epidermal stem cell defects 42 . UV radiation leads to excessive ROS production, resulting in telomere mutations and further cell death or senescence 43 . MicroRNA (miRNA) Regulation miRNAs are a class of conserved noncoding RNAs that bind to the 3' untranslated region of target mRNAs to promote their degradation and/or inhibit their translation. In recent years, miRNA dysregulation is found to occur in cellular senescence and organismal aging and is reviewed elsewhere 5 . Besides these findings reviewed, it's reported that miR-23a-3p causes cellular senescence by targeting hyaluronan synthase 2 (HAS2) 44 . Hyaluronan (HA) is a kind of polysaccharide in the extracellular matrix. Both aged and senescent fibroblasts showed increased miR-23a-3p expression and secreted significantly lower amounts of HA compared with young and nonsenescent fibroblasts. Ectopic overexpression of miR-23a-3p in nonsenescent fibroblasts led to decreased HAS2-mediated HA synthesis, upregulation of senescence-associated markers, and decreased proliferation. In vivo, miR-23a-3p was upregulated and HAS2 was downregulated in the skin of old mice compared with young ones. In addition, recent research finds that miR-126, the most abundant miRNA in endothelial cells known to protect blood vessels and induce neovascularization, is significantly downregulated in aged human skin interstitial fluid in accordance with the fact that the number and functionality of capillary structures decreases with age 45 . However, the detailed molecular mechanism needs further investigation.
Advanced Glycation End Product Accumulation
Advanced glycation end (AGE) products are formed by a nonenzymatic process called glycation, during which proteins, lipids, or nucleic acids are covalently bound by sugar molecules such as glucose or fructose, resulting in the inhibition of normal function of target molecules 46 . This is quite different from normal glycosylation, which occurs at defined sites under mediation of enzymes and is necessary for target molecules to fulfill their functions. Glycation is involved in both intrinsic and extrinsic aging. Long-lived proteins in the dermal matrix and cytoskeleton are particularly susceptible to glycation, resulting in tissue stiffening and reduced elasticity 47 . Among extracellular proteins, glycated elastin fibers abnormally aggregate and unusually interact with lysozyme in skin of solar elastosis but not sun-protected sites 48 , indicating that glycation is involved in photoaging. However, glycated collagen is highly resistant to MMP degradation 49 and thus, it accumulates with age. This deteriorates the condition under the context of increased degradation of functional collagen and decreases collagen production mentioned above. For intracellular proteins, intermediate filament component vimentin was found to be the major intracellular target for N E -(carboxymethyl)lysine glycation in fibroblasts of elder human facial skin, whose modification led to a rigorous redistribution of vimentin into a perinuclear aggregate, accompanied by loss of cellular contractile capacity 50 . In addition, recent research found that in sunexposed old human skin, glyoxalase 2, which detoxifies the detrimental precursors of AGEs, showed drastic lower expression, resulting in a huge accumulation of glycated proteins 51 . Notably, AGEs can also function by binding to cell surface receptors called receptors for AGEs to activate signal pathways, such as MAPKs, NF-kB, extracellular signalregulated kinases, and phosphatidyl-inositol-3-kinase 52 .
Genetic Mutation
Some researchers shed light on gene mutation-caused progeroid syndromes, such as Hutchinson-Gilford progeria syndrome (HGPS), Werner syndrome, Rothmund-Thomson syndrome, Cockayne syndrome, ataxia-telangiectasia, and Down syndrome 53 . Gene mutation is inherited and causes progeria, a type of premature aging, often showing accelerated skin aging phenotype, including skin atrophy and sclerosis, poikiloderma, alopecia, thinning, and graying of the hair 53 , for example, HGPS is caused by the mutation of gene LMNA
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, which produces progerin, a mutant protein that impairs many important cellular processes 55 . More work is being done to try to gain insight into genetic variation during the aging process. In 2014 and 2017, different groups identified single-nucleotide polymorphisms associated with skin aging in Caucasians and the Chinese Han population, respectively 56, 57 .
Inflammaging
Chronic, low-grade inflammation is also recognized as a major characteristic of the aging process 58 . This phenomenon is called "inflammaging." Inflammaging plays a role in the initiation and progression of age-related diseases such as type II diabetes, Alzheimer's disease, cardiovascular disease, frailty, sarcopenia, osteoporosis, and skin aging 59, 60 . To explain its occurrence in skin, a model is proposed in 2014 based on previous data 60 . Briefly, UV radiation induces oxidative stress in epidermal cells, resulting in damaged cells with oxidized lipids. Oxidation-specific epitopes on damaged cells and oxidized lipids are recognized by complement system and cause inflammation, leading to infiltration and activation of macrophages to remove the damaged cells and oxidized lipids 61, 62 . Activated macrophages release MMPs to degrade extracellular matrix ( Fig. 2A) . Repeated UV radiation overactivates the complement system, causing damage to the dermis-epidermis junction, on which they deposit, and macrophages are overburdened with oxidized lipids. Overburdened macrophages release proinflammatory cytokines and ROS 61, 63, 64 , the former of which cause chronic inflammation and long-term damage to the dermis, while the latter triggers the oxidative stress-induced damage to the dermal extracellular matrix (Fig. 2B) . However, many details of this model need further verification.
Treatments for Skin Aging Antioxidants
Antioxidants as reducing agents can relieve skin aging by neutralizing ROS that have already formed. ROS activates MAPK pathway and subsequently increase MMP production that degrades collagen. This can be prevented by antioxidants (Fig. 1B) , such as vitamin C and vitamin E, or antioxidative enzymes, such as superoxide dismutase, catalase, glutathione peroxidase, and coenzyme Q10 65, 66 . Some plants can also be used as natural source of antioxidants, such as green tea and aloe vera 66 . A recent example is that epigallocatechin gallate (EGCG), a kind of catechin in green tea, prevents skin aging via the epidermal growth factor receptor (EGFR) pathway in an aging mouse model, resulting in better skin structure than the control 67 . Moreover, N-acetylcysteine, the precursor to the antioxidant glutathione, seems to be successful in the treatment of vascular and nonvascular neurological disorders as well as against age-related decline in tissue regeneration 68, 69 , indicating its prospective antiaging application in skin.
However, it's notable that some researchers suggest that antioxidant supplements do not possess preventive effects to chronic diseases, and excessive supplementation of b-carotene and vitamins A and E is potentially harmful with unwanted side effects 70, 71 , especially in well-nourished populations, and the optimal source of antioxidants seems to come from our diet not from antioxidant supplements in pills or tablets 72 . And a previous study found that EGCG induced significant death and DNA damage in human lung and skin normal cells through a reductive mechanism 73 . The aim of antioxidant treatment is to restore oxygen homeostasis instead of completely eliminating all oxidants because they have their physiological functions 74 . Thus, for necessary clinical application of antioxidants, the doctor should evaluate the status of the patient before giving a prescription. It's not desirable to completely inactivate all ROS, and antioxidant treatment seems to be beneficial for aging (including skin aging) only if the ROS level is reduced to those of healthy cells.
Stem Cell Therapy
Stem cell transplantation is a promising therapy for the treatment of skin aging. Adipose tissue transplantation could improve skin quality at the recipient site in addition to increasing skin volume 75 . Further experiments demonstrate that adipose-derived stem cells (ADSCs) contribute to the regeneration of skin during aging 76, 77 . In recent clinical tests, autologous fat grafting rejuvenates aging skin and enhances the volume of periocular and perioral skin in recipients with an average age of 50 years 78, 79 . Data show that ADSCs produce a series of growth factors, such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), transforming growth factor (TGF)-b1, TGF-b2, hepatocyte growth factor (HGF), keratinocyte growth factor (KGF), platelet-derived growth factor AA (PDGF-AA), and placental growth factor (PGF) 80 , reminding us that ADSCs may influence surrounding cutaneous cells through these secretions. It seemed that ADSC may also transdifferentiate into epithelial stem cells that express epithelial stem cell marker p63 after fat grafting 81 . This work provides clues into the understanding of how fat grafts may rejuvenate overlying skin.
Retinoids
Retinoids are chemically similar to vitamin A, and tretinoin is the first retinoid approved for clinical use. Topical application of tretinoin inhibits AP-1, thus suppressing the expression of MMPs and preventing the degradation of collagen 82 . An increase in epidermal thickness and anchoring fibrils is observed, and intrinsically aged skin may also benefit from the topical application of retinoids 83 . Repeated UV radiation overactivates the complement system, causing damage to the dermis-epidermis junction, on which they deposit, and macrophages are overburdened with oxidized lipids. Overburdened macrophages release proinflammatory cytokines and reactive oxygen species (ROS), the former of which cause chronic inflammation and long-term damage to the dermis, while the latter triggers the oxidative stress-induced damages to the dermal extracellular matrix. This schematic diagram is revised from Zhuang and Lyga
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Hormone Replacement Therapy
In addition to being used in the treatment of symptoms caused by menopause, hormone replacement therapy (HRT) is used to slow the skin aging process. HRT improve skin thickness, collagen content, and elasticity and it enhances hydration. However, there are studies suggesting that HRT increases the risk of developing breast cancer 84 .
Telomere Modification
Although telomerase activation seems to be an ideal approach to reverse skin aging, and indeed high-level expression of telomerase reverse transcriptase (TERT) in skin fibroblasts and keratinocytes results in a significantly enhanced proliferative capacity 85 , but risks of epidermal carcinogenesis increase meanwhile 86 . Therefore, further investigation is needed to evaluate the safety of the enhanced proliferation brought by the lengthened telomere.
Diet Restriction
Because it's still technically infeasible to reverse glycated proteins to their original state, currently the primary strategy still stays on the prevention of proteins from glycation. But the problem is that diet provides not only sugars such as glucose and fructose but also preformed AGEs, and the latter have a large amount in grilled, fried, or roasted food but very low content in foods prepared by water-based cooking such as boiling and steaming 46 . Therefore, low-sugar food cooked with water would decrease the intake of preformed exogenous AGEs and endogenous production of physiologically glycated proteins. In the future, finding medicines of deglycation capability would be an expected breakthrough discovery.
Some scientists believe that some culinary herbs and spices, such as cinnamon, cloves, oregano, and allspice, can inhibit fructose-induced glycation 87 , and some compounds, including ginger, garlic, a-lipoic acid, carnitine, taurine, carnosine, flavonoids (e.g., green tea catechins), benfotiamine, a-tocopherol, niacinamide, pyridoxal, sodium selenite, selenium yeast, riboflavin, zinc, and manganese, are also involved in the inhibition of AGE formation 52, [87] [88] [89] . More investigation is needed to further validate these findings and reveal their inhibitory mechanisms.
Antiprogeria Strategies
Currently, therapies targeting HGPS are mostly investigated. Because the farnesyl group in the mutant protein progerin was regarded as the predominant deleterious and toxic component, the original therapies are designed to inhibit the farnesylation process 90 . Farnesyltransferase inhibitor lonafarnib was used in a clinical trial to treat 25 HGPS patients for 2 years, resulting in improved vascular stiffness, bone structure, and audiological status 91 . Another strategy using the combination of 2 compounds, statin and aminobisphosphonate, efficiently inhibited both farnesylation and geranylgeranylation of progerin and prelamin A and markedly improved the aging-like phenotypes of Zmpste24-deficient progeria mice model including growth retardation, loss of weight, lipodystrophy, hair loss, and bone defects 92 . A clinical trial using the same therapy was carried out, but the results are not published yet 93 . A recent clinical trial combining lonafarnib with prenylation inhibitor pravastatin and zoledronic acid on 37 HGPS patients reveals additional bone mineral density benefit but no added cardiovascular benefit 94 . Also other alternative therapies not targeting farnesyl group have been proposed in recent years. Mammalian targets of the rapamycin (mTOR) pathway inhibitor rapamycin treatment of HGPS fibroblasts reverses premature aging and the lobulated nuclei by increasing progerin clearance through macroautophagy-related pathways 95 . After that, antioxidant sulforaphane is also found to enhance progerin clearance by autophagy and to reverse the cellular hallmarks of HGPS 96 . In addition, a small molecule called remodelin was found to improve nuclear architecture, decrease DNA damage, and reverse cell proliferation defects in HGPS cells 97 . More recently, retinoids were identified as a novel class of compounds that reverse aging phenotypes in HGPS patient skin fibroblasts in a high-throughput screening 98 . For HGPS patients, to gain a longer life span is the biggest priority. That's the reason why most work mentioned here wasn't aimed at skin specifically. Nevertheless, this work has provided possible hints for future research.
Anti-inflammaging
Given that the mechanism of skin inflammaging is far from being thoroughly understood, little progress is made to develop targeted treatments. Suh et al. reported that treatment of the human fibroblast cell line using UV-absorbing compound mycosporine-like amino acids (MAAs) suppressed cyclooxygenase-2 (COX-2) gene expression, which is typically increased in response to inflammation in skin 99 . Moreover, the expressions of skin aging-related proteins elastin and procollagen C-proteinase enhancer, which is an important determinate of procollagen processing in the regulation of collagen deposition in the skin, are strongly suppressed after UV irradiation but restored after MAAs treatment to normal levels as in the control 99 . Also, there are other reported antiinflammaging additives, such as vitamins A, C, D and E, green tea, and so forth, that are already summarized 100, 101 . It's noteworthy here that although some treatments may help to relieve skin aging, prevention of extrinsic aging from occurring is still the best approach, because skin wrinkles are formed mainly by changes in the dermal part of the skin and there is still difficulty for antiaging agents in topical treatment to penetrate into deep dermis, although different delivery methods are developed.
Concluding Remarks
There is a contradiction between the irreversability of skin aging and people's thirst for eternal young appearance. From ancient to modern times, many efforts were made trying to understand the truth of cutaneous aging and to prevent or even reverse the aging process. This review summarizes the structural changes in both intrinsically and extrinsically aged skin, main molecular mechanisms proposed to explain these phenotypes, and advances in treatment research. It seems that skin aging is brought about by the comprehensive effect of different mechanisms, and it's difficult to develop an integrated theory to string different models together. Ambiguity in the molecular mechanism of skin aging, as well as controversy in viewpoints, retarded the progress of targeted therapy, although some therapeutic attempts have proven to be effective. As people's cosmetic requirements increase, more research efforts should persist to fully elucidate the molecular basis of the deteriorative changes during skin aging.
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